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Introduction
Interdisciplinarity is becoming a critical issue for teaching design skills 1 . Integrating Engineering Design courses with Manufacturing and Ergonomic courses can effectively enhance students' design skills. Aligning product design and manufacturing education with market needs is important to overcome the skills gap and other challenges faced by students 2 . Moreover, ergonomic consideration is crucial for product design and development in today's global market.
Ergonomics, which is the study of the relationship between people and their work environment, is important for the safety and health of workers in the workplace. Ergonomic risk factors can cause biomechanical stress to the worker and contribute to the risk of developing Musculoskeletal Disorders (MSDs). The most common work-related MSDs found in U.S. industry are cumulative trauma disorders (CTDs), also known as repetitive motion injuries. CTDs affect a worker's musculoskeletal system due to repeated and excessive physical microinjuries caused by poor design of equipment, especially hand tools. Applying ergonomics to the workplace and product design can reduce the potential for accidents and injuries as well as improve worker performance and productivity.
Ergonomics should be an integral part of product design, manufacturing, and use. Today, most companies sell their products in different global markets and this requires consideration of customer needs and ergonomics of users from these different markets. Moreover, product designers should consider ergonomics to enhance sustainability and maintainability of products. Recent advancements in computer technology in the last two decades have contributed to the development of computer simulations for ergonomics. Such simulations are known as Digital Human Modeling (DHM) and are used to assess the performance of human operators in the workplace. DHM can also be integrated with Computer Aided Design (CAD) to evaluate the ergonomics of product designs.
Related Literature
In the past thirty years, many studies have emphasized the importance of applying ergonomic principles to product designs such as designing swimming suits 3 , non-powered hand tools 4 , writing instruments for children 5 , and luggage handles 6 . Thus, continuously injecting human factors and ergonomic (HFE) design concepts in the undergraduate engineering curriculum is important. It ensures that students have knowledge of applying HFE principles towards product design to minimize potential causes of injury and discomfort for the users 7 .
Studies have noted that product design should address ergonomic considerations that take into account the majority of customers' capabilities and limitations when using the produce for its intended purpose 8 . To discover the capabilities and limitations of users as they apply to ergonomic design, we must consider not only human body dimensions and different demographic groups, but also the inconsistent levels of performance among populations 9 .
Studies have found that only 19% of industrial engineering students are capable of adequately assessing ergonomics risks throughout their undergraduate program. Thus, the curriculum should be developed to include both the HFE and the engineering concepts to better prepare future engineers with the knowledge and skills to incorporate HFE into all aspects of engineering design process 10 . Several studies have discussed the integration of ergonomics with design to improve students' knowledge and understanding. For example, one study presented a case on the importance of ergonomics for design sustainability 11 . Another study discussed the application of ergonomic knowledge by undergraduate product design students 12 . This study focused on product design in the context of business challenges. However, students did not design products but instead analyzed existing products 12 . The use of computer simulation to teach ergonomics to undergraduate engineering and technology students was discussed 13 . However, the study did not focus on teaching design skills to the students.
Integrating hands-on engineering design experiences with HFE education promotes the effectiveness of the undergraduate engineering education 13 . Such integration not only can provide students with a great opportunity to practice the HFE design guidelines with a realistic engineering design process 14 , but can also boost the students' interests in developing humancentered design [15] [16] .
This study discusses an educational scheme for integrating engineering design process with HFE principles. The study evaluates both aspects of knowledge through a course project that involves an ergonomic design of a hand tool. Engineering design process and hand tool ergonomics design guidelines modules are presented to the same cohort of engineering students to achieve an insightful assessment. A selected product is designed using CAD software and the design is imported into a DHM software for ergonomic evaluation. Figure 1 shows the learning module for IE305, Product Design, Specification, and Measurement, which includes the course syllabus, course project, and detailed steps for the course project. The course aims to provide an introduction to product design with an emphasis on the tools, standards and methods used for product and part representation, specifications and measurements. It involves hands-on learning and exercises in CAD and metrology laboratories. The class includes lectures, quizzes, laboratory assignments and reports, a CAD modeling project, exams, and inclass participation. The course content covers three main parts: product design and specification, dimensioning and tolerancing, and metrology. Product design and specification focuses on the product design process and basics of engineering graphics including CAD modeling. The dimensioning and tolerancing module covers details related to dimensioning basics and tolerance models as well as Geometric Dimensioning and Tolerancing (GD&T). The metrology part covers all aspects of measuring the product and calculating uncertainties. The course also include two internal labs, a CAD lab and a metrology lab. Each week, the students attend (2) 
Product Design Learning Module

Ergonomic Design Learning Module
The course objectives for IE327, Introduction to Work Design, are to introduce the methodologies of work measurement, design, and improvement. The course provides an introduction to work design principles as applied to the manufacturing and service industries, so as to improve system productivity and reduce worker's safety hazards. The five-week ergonomic design module in IE327 covers the following: (1) introduction to the musculoskeletal system, (2) work physiology, (3) manual material handling, (4) cumulative trauma disorders and hand tool design, (5) workplace design, and (6) anthropometry. The learning modules/lectures are always accompanied by laboratory activities. Students gain an insightful understanding of the learning modules via hands-on practices/activities. For the ergonomic design modules, students engage in activities to evaluate work-related tools, human body postures, workplace environmental factors, etc.
CTDs and Hand Tool
In the first part of the ergonomic design learning module, CTDs and hand tool design, the basic anatomy of the human hand is introduced, followed by the topics of hand movements and positions. The second part of the module covers common work-related CTDs affecting human hands such as Tenosynovitis, carpal tunnel syndrome, trigger finger, Raynaud's syndrome, white finger, etc. The impacts and symptoms of common CTDs are given comprehensive treatment. In Figure 2 , a cause-and-effect (fishbone) diagram presents the causes of the common CTDs. 
Hand Tool Design Guidelines
The third part of the ergonomic design learning module focuses on the principles of hand tool design such as grip modality design (power grip, pinch grip, precision grip, etc.), grip material design (compressible, conductive, smooth surface, etc.), hand tool angle accommodation, and interactions between hand tools and personal protective equipment (PPE) such as work gloves. For general tool grip modality design, the diameter of a power grip should be approximately 50 mm, and the length of the tool should be no more than 100 mm. A firm grip for the power grip can avoid application of torque through the wrist. On the other hand, the diameter of a precision or pinch grip should be more than 6 mm, and the shape should be perpendicular (nearly 90 degree) to the grip axis. It is suggested that a precision grip should use non-circular sections to avoid rotation, and should have soft and non-skid grip surfaces. In addition, it has been suggested that wearing a pair of work gloves could effectively reduce work-related injuries such as cutting, reducing vibration from power tools, from an electric shock, etc. However, the tradeoffs of wearing work gloves with hand tools could influence the work performance such as by decreasing the strength of grip or reducing the dexterity by 10% to 20%.
Hand Tool Design and Anthropometry
The last part of the ergonomic design learning module focuses on anthropometry for hand tools design and discusses the importance of measurements of different hand dimensions for users such as hand length, finger length, hand breadth, grip/pinch force, etc. In this session, students practice anthropometric measurements technique using relevant measuring tools which include the bone caliper, segmometer, anthropometric goniometer, pinch gauge, hand dynamometer, etc. Figure 3 shows the relevant anthropometric measuring tools relevant to hand tool design. To assess the ergonomics of hand tools, the following design checklist 4 can be used:
A Grip surface is non-slippery B Grip surface does not have sharp edges, undercuts, or deep ribs C Grip surface is thermally insulated; it will not get hot or cold quickly when working in a hot or cold environment D Grip length is 4-6"; handle does not end inside the palm of the hand E Angle of the handle is formed so that the work can be done while keeping the wrist straight F Tool can be used with any personal protective equipment (e.g., work gloves) G Tool can be used with either hand H Tool minimizes the effort strength required to accomplish the intended task I Tool design takes into consideration variability of hand dimensions
Integrated Learning Module
Product Design and Ergonomics courses are integrated to enhance students' design skills. The integrated module focuses on enhancing students' understanding of ergonomic design through a practical course project. Figure 4 shows the integrated module for teaching ergonomics and product design. The course project focuses on designing a product using CAD tools while accounting for ergonomic considerations, then evaluating the design using DHM. 
Case Study: Design and Evaluation of a Single-Channel Pipette
The case study considered in this Section is a course project that was part of the Product Design course. In this course project, undergraduate students worked in teams of four to design and evaluate different concepts of a single-channel pipette. In addition, students applied the ergonomic design concepts they learned in the Work Design and Ergonomics course, especially topics related to hand tool design. The design process consisted of: forming the teams and selecting the product, identifying customer requirements, translating requirements into specifications, generating and evaluating design concepts, selecting the best design and developing a CAD model, and evaluating the selected design using DHM software. The course project was a semester long and student teams got feedback from the professors at each step of the design process. Student learning outcomes were evaluated by the professors based on the detail and completeness of design process as well as an ergonomic check list to evaluate the ergonomic considerations in the designed product.
Product Description
Mechanical pipettes are used in research and clinical laboratories to dispense measured volumes of liquids. The single-channel pipette has external and internal components. The external components include the main push button, the ejector, and the external case. The internal components include the piston, the piston spring, and the compression set (see Figure 5 ). Pipettes most commonly work by creating a partial vacuum above the chamber that holds the liquid and selectively releasing this vacuum to draw up and dispense according to the preferred volume. They enable sterile and accurate liquid handling and are commonly used within molecular biology, analytical chemistry and medical tests. Currently, dozens of manufacturers produce pipettes including leading companies such as The Pipette Company, HTL Lab Solutions, ThermoFisher Scientific, and Oxford Instruments. The frequent use of pipettes is a common cause of Musculoskeletal disorders (MSDs) which include carpal tunnel syndrome, tendonitis, trigger finger, tension neck syndrome and others 17 . Pipetting work requires concentration, accuracy and precision. This job can be stressful to workers which can influence their comfort and ease of use and may affect the risk of upper limb problems.
In this case study, students were given two pipettes (shown in Figure 6 ) and were asked to redesign them taking into account ergonomic considerations. In order for the pipette to be ergonomically designed, several requirements should be considered including: light weight, comfortable to hold, good grip, no sharp edges or ridges, positive feedback from button operation, suitable for right or left handed use, easy tip ejection and fitting, minimal force to push plunger, easy to set and read dosage. The two pipettes shown in figure 6 were used by students as a reference for their design. A pinch gauge, also shown in Figure 6 , was used to measure the ejection and push forces which are summarized in Table 1 . The maximum forces were considered in the DHM assessment. Manual sketches for the redesigned pipettes were first created and evaluated (see Figure 7) . CAD designs were then develop using Autodesk Inventor ® software and are shown in Figure 8 . Student designs were evaluated for the ergonomic considerations based on the checklist presented in Section 4.3. Table 2 shows the assessment summary for the five designs. Figure 6 . Two pipettes used by students and a pinch gauge to measure the forces 
Digital Human Modeling (DHM)
Digital Human Modeling (DHM) is a computer-generated representation of human beings and work environments 18 . In this study we used Siemens Tecnomatix Jack software to evaluate the designs. Several simulation experiments were performed with statistical analysis of the results. The following factors were considered: a) human physical characteristics which includes the weights and heights of students (percentiles), b) design concept, and c) gender. A general factorial design experiment was developed and simulation runs were conducted using the Jack Software. The number of observations needed for this factorial design was 2×3×5 = 30. The response variable was Moment (measured in Nm). In Figure 9 , sample models from the Jack software are shown. Figure 10 shows the ANOVA table for the results. It was found that the three main factors are significant (with p-values < 0.05). Figure 10 . Analysis of Variance (ANOVA) summary for the response variable "Moment"
Learning Analysis and Assessment
Given that the two courses, Product Design and Work Design, are offered for junior level students, the majority of students had taken to the Introduction to Engineering Design course where students are taught the basics of engineering design processes, methods, and decision making using team design projects. Moreover, several students in the Product Design and Work design classes had previous internship experiences. The knowledge and experiences of the students brought in different ways of thinking and helped them generate creative designs.
In the Product Design and Work Design courses, students are also taught the details of the design process and ergonomic considerations. By working on a design project that involves a real world problem, students gain hands on experience in both ergonomics and product design. In order to assess the learning outcomes for the students, students were asked to submit their models and a written report by the end of the semester. The learning outcomes of the course project are based on the course objective related to the project (specifically, Prepare and present case study projects using CAD, and apply work design and ergonomic principles to real life problems).
The instructors developed a rubric for evaluating the student performance. The course project was divided into phases and each phase was assigned a grade. Part of the grade was assigned by peer evaluation. After completing each phase, students submit a two-page report on their work related to that phase. Student submit a final report after finishing the project. The final report is a 15-20 page document that includes a detailed description of the project phases. Table 3 shows a comparison of students' grades in the Product Design course before and after integrating the course project. It can be seen that integrating the course project reduced variability in students learning outcomes. Even though the average final grade of the course was the same in both semesters, the variability for the course project after the integration was lower. The project grading rubric is shown in Table 4 . 
Conclusions
This study discusses the integration of two undergraduate industrial engineering courses, Product design and Ergonomics, using a course project to enhance students' design skills and improve their understanding of ergonomic considerations in product design. Students worked in teams to evaluate an existing product and redesign it while accounting for ergonomic considerations. The designs were also evaluated using Digital Human Modeling software. The integration of the course project enhanced students learning and skills. Statistical analysis shows that the variability of student grades was reduced when the project was integrated. Future work will focus on improving the cognitive skills of the students and how that is related to solving design problems.
